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Force Program Manager.




TABLE OF CONTENTS

1.0 INTRODUCTION
2.0 PROGRAM OUTLINE

2.1
2.2

3.0 TASK
3.1
3.2

4.0 TASK
4.1

4.2

4.3

Task 1 - Powder for Alloy Development
Task II - Alloy Development Studies
2.2.1 Series 1 Alloys

2.2.2 Series II Alloys

2.2.3 Alloy Characterization

I - POWDER FOR ALLOY DEVELOPMENT
Procurement of FeAl and Fe3A1
Procurement of FE-Al1-X Powders

I1 - ALLOY DEVELOPMENT STUDIES

Series 1 Alloys

4.1.1 Alloy Selection

4,1.2 Material Procurement/Processing
4.1.,3 Screening Evaluations

4,1.4 Series I Summary

Series II Alloys

4.2.1 Alloy Selection

4.,2.2 Material Procurement/Processing
4,2.3 Screening Evaluations

4,2,4 Series Il Summary

Alloy Characterization

4.3.1 Alloy Selection

4,3.2 Material Procurement/Processing
4,.3.3 Properties Characterization
4.3.4 Alloy Characterization Summary

5.0 SUMMARY AND CONCLUSIONS

APPENDIX I

. R
a e a ;. ae

PAGE

~NN OO W W W

O W W W D PN NN N =
~N OO s = N OO O W

117
124
125
125
125
132
142
146

Al

F S P A




Siied e\ Anfh St Sadh Sfl ol Akl o d A A SR A0 A e A ULa e a e he e Sy ol -l

..................

LIST OF ILLUSTRATIONS

FIGURE PAGE
1 Program work breakdown structure. 4
2 SEM (a) and Vight (b) photos of -60+140 mesh size FeAl powder. 9

100X Magnification.

3 SEM (a) and light (b) photos of -140+200 mesh size FeAl powder. 10
100X Magnification.

4 SEM (a) and light (b) photos of -200 mesh size FeAl powder. 11
100X Magnification.

5 SEM (a) and light (b) photos of -140+200 mesh size Fe3A1 powder, 12
100X Magnification.

6 Light photos of PREP Fe65V10A125 powder showing large central voids 18
and dispersed microporosity.

7 Light photos of PREP Fe70Nb5A125 powder showing presence of second 19
phase precipitates.

8 Schematic illustration of extrusion can configuration used for 24
consolidation of Task II/Series I allcy powders.

9 Light photos of as-extruded Fe3A1 baseline alloy (transverse 29
section) showing presence of non-metallic inclusions.

10 Light photos of as-extruded Ti-5 a/o (Alloy 1-2) powder blend 30

(transverse section) showing presence of non-metallic inclusions.

vi

................................... N N .
5 e T e e T S AT e T e s e e Ve T T T T - Tt -
------- A LY B I LS VPR G SIS DYV YN TS W P TS U DY IR U W N




| AR AR D B A e A 2 S NS e i S0 Nt S T N T CAAT S B it G L e di i ™ ote o A OB ML W S o 4 A% &0 gl Aul ol ne Lran o v

LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

11 Light photos of as-extruded V-5 a/o (Alloy 1-3) powder blend 31
(transverse section) showing presence of non-metallic inclusions
and non-homogeneous structure.

12 Light (100X Magnification) and SEM (200X, 500X Magnification) 32
‘ photos of as-extruded V-10 a/o (Alloy I-4) prealloyed powder
(transverse section) showing predominantly intergranular cracking.

13a,b Light photos of as-extruded Cr-1 a/o (Alloy I1-5) powder blend 33
(transverse section) showing presence of non-metallic
inclusions and non-homogeneous etching structure.

13¢  SEM photo of as-extruded Cr-1 a/o (Alloy I-5) powder blend 34
(transverse section) showing overlapping of continous grain
boundaries by non-homogeneous etching structure.

14a,b Light photos of as-extruded Cr-5 a/o (Alloy 1-6) prealloyed 35
powder (transverse section) showing presence of non-metallic
inclusions and non-homogeneous etching structure.

14c,d SEM and EDAX photos of as-extruded Cr-5 a/o (Alloy 1-6) 36
powder (transverse section) showing areas of chromium depletion.

15 Light photos of as-extruded Mn-6 a/o (Alloy I-7) prealloyed powder 38
(transverse section) showing non-metallic inclusions decorating

pricr particlie boundaries.

16 SEM, EDAX and light photos of as-extruded Ni-3 a/o (Alloy [-9) 39
powder blend (transverse section) showing presence of non-

homogeneous structure,

el T O S e L . - - - . N O
VWL PR VA PR PR LIPS YR P UL WD YL DU W VT DAL W Py P Dealiadmdont o dad PP PP S S BRSSO, U P Sy




FIGURE

17

18

19

20

21

22

23

24

LIST OF ILLUSTRATIONS (Continued)

Light photos of as-extruded Ni-10 a/o (Alloy 1-10) prealloyed
powder (transverse section) showing non-metallic inclusions

decorating prior particle boundaries.

Light photos of as-extruded Nb-2 a/o (Alloy I-11) prealloyed
powder (transverse section) showing presence of second phase
precipitate particles.

Light photos of PREP Nb-2 a/o (Alloy I-11) powder

SEM photos of PREP Nb-2 a/o (Alloy I-11) powder showing presence
of second phase precipitate particles in grain boundary and
interdendritic regions.

SEM and EDAX photos of as-extruded Nb-5 a/o (Alloy 1-12)
prealloyed powder (transverse section).

SEM photos of PREP Nb-5 a/o (Alloy 1-12) powder showing presence
of second phase precipitate particles and continuous films.

Light (100X Magnification) and SEM (200X Magnification) photos of
as-extruded Mo-3 a/o (Alloy 1-13) prealloyed powder showing
presence of non-homogeneous etching structure,

Light (100X, 500X Magnification) and SEM (200X Magnification)
photos of as-extruded Mo-6 a/o (Alloy 1-14) prealloyed powder

{transverse section).

viii

PAGE

40

41

42

43

44

45

47

48



A ol R el B S A hs S b B Aot St g S g s N

!

b LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

25 Light (100X, 500X Magnification) and SEM (200X Magnification) 49
photos of as-extruded Ta-1 a/o (Alloy [-15) prealloyed powder
(transverse section) showing presence of non-metallic inclusions
decorating prior particle boundaries.

26 SEM and EDAX photos of as-extruded Ta-5 a/o (Alloy 1-16) 50
prealloyed powder (transverse section).

27 SEM photos of PREP Ta-5 a/o (Alloy I-16) prealloyed powder 51
showing presence of duplex second phase particle distribution.

28 Light photos of as-extruded Cu-10 a/o (Alloy I-18) prealloyed 53
powder (transverse section).

29 SEM and EDAX photos of as-extruded Cu-10 a/o (Alloy 1-18) 54
prealloyed powder (transverse section).

30 Light photos of as-extruded Si-3 a/o (Alloy I-19) powder blend 55
(transverse section) showing presence of non-metallic inclusions.

31 Light photo of Cr-5 a/o0 (Alloy 1-6) prealloyed powder homogenized 58
168 hours at 1100°C (2012°F). 100X Magnification.

32 Light photos of Cr-1 a/o (Alloy I-5) powder blend homogenized 168 60
hours at 1000°C (1832°F).

33 Schematic illustration of tensile test specimen configuration, 62

34 Summary of Task II/Series | tensile data. 65

ix

CmTeT ot e L R N Lt e v, .
F A T L e R T S D ST P S S

. . Tt T P R R N TP A A v . . . L PN N . - -
L N T T T N T T R I Y TV Y TR T N I T R IS N T N T TN YRR TN WPREY PP RN ROV ;'A-‘,'Aa;-' -




LIST OF ILLUSTRATIONS (Continued)

FIGURE PAGE

35 Light photos of Fe3A1 failed room temperature tensile test 66
specimen showing structure near the fracture surface.

2 36 Light photos of Fe3A1 failed 600°C (1112°F) tensile test specimen 68
g showing structure near the fracture surface and the grip area.
100X Magnification.

37 Light photos of Mo-3 a/o (Alloy 1-13) failed room temperature 70
tensile test specimen showing localized abnormal grain growth.

38 Light photos of Ni-10 a/o (Alloy I-10) failed room temperature 72
tensile test specimen showing structure near the fracture surface.

39 Light photos of Ni-10 a/o (Alloy 1-10) failed 600°C (1112°F) 73
tensile test specimen showing structures near the fracture surface
and grip area. 100X Magnification.

40 Light photos of Nb-2 a/o (Alloy I-11) and Nb-5 a/o (Alloy [-12) 75
failed 600°C (1112°F) tensile test specimens showing structure near
the fracture area. 500X Magnification.

41  Light photos of Cu-10 a/o (Alloy 1-18) failed 600°C (1112°F) 78
tensile test specimen showing structures near the fracture surface
and grip areas. 100X Magnification.

4?2 Photograph of prealloyed Task 1/Series I Alloys after exposure to 83
816°C (1500°F) air for 96 hours.

43 Photograph of selected Task I/Series I Alloys showing effect of 84
alloying additions on oxidation resistance after exposure to
816°C (1500°F) air. 2X Magnification.

o v N e W

b

KL KR
,



A ALREARALSS MM AL MAM LALLMt Gt ad A At ad Al iad Pl Rt Al Sl e e e R e Aa - ol T e

FIGURE

44

45

46

47

48

49

50

51

52

UAAPUIPD S R G P P W . _‘...l.‘.l_‘A .-IVI".- " -*-"-"x..-ﬁl;"' R W a-'-_.- P .‘ i

LIST OF ILLUSTRATIONS (Continued)

SEM and EDAX photos of Ti-5 a/o (Alloy 1-2) after 240 hour
exposure to 816°¢C (1500°F) air. 16X magnification.

Photograph of Fe3A] forging preform and as-forged specimen.

Load versus height curve for Nb-2 a/o (Alloy I-11) for deformation
at 954°C (1750°F) and 8/second strain rate.

Light photo of Ta-5 a/o (Alloy [-16) hot deformation specimen
(longitudinal section) showing cracking near precipitate/matrix

interface.

Light photos of Ta-1 a/o (Alloy I-15) hot deformation specimen
(a-transverse section, b-longitudinal section) showing cracking
associated with non-metallic inclusion stringers.

Photograph of ceramic mold (left) used to cast ingot (center)
which was machined into a forging preform (right) for the
Task [1/Series I alloy studies.

Light photos of as-cast Cr-1 a/o, Mo-1 a/o (Alloy I1-1) ingot

showing coarse grain size.

Light photos of as-forged Cr-1 a/o, Mo-1 a/o (Alloy 1I1-1) sub-
size specimen isothermally forged at 954°¢ (l750°F) and 6:1 height
reduction (longitudinal section) showing structure after normal
etch (a) and heavy etch (b).

Light photos of as-cast Ta-0.75 a/o, Mo-1 a/o (Alloy II-5) ingot

showing coarse grain size.

xi

T T TR W LWL LT Y

e

-_,j

-

.;:j

Y

N .' 4

> .‘ J

X

PAGE ;;:

85 :;
87

[ 7]

88 o

92 ii

93 .i

100
103 =
[
104 o
~
106 u
n
e i




el e, e el

L5, v

l‘-

FIGURE

53

54

55

56

57

58

59

60a&b

.......

LIST OF ILLUSTRATIONS (Continued)

Light photos of as-forged Ta-0.7% a/o, Mo-1 a/o (Alloy 1I-5)
sub-size specimen isothermally forged at 954°¢C (1750°F) and 6:1
height reduction (longitudinal section).

Light photos of as-cast Ta-2 a/o (Alloy II1-8) ingot showing
coarse grain size,

Light photos of as-forged Ta-2 a/o (Alloy I1-8) sub-size specimen
isothemmally forged at 9549¢ (1750°F) and 6:1 height reduction
(longitudinal section).

Light photos of as-cast Nb-1 a/o, Cr-2 a/o (Alloy II-9) ingot
showing coarse grain size.

Light photos of as-forged Nb-1 a/o, Cr-2 a/o (Alloy 1I-9) sub-
size specimen isothermally forged at 954°¢ (1750°F) and 6:1
height reduction (longitudinal section).

Light photos of as-cast NB-2 a/o, V-1 a/o (Alloy 1I-15) ingot
showing coarse grain size.

Light photos of as-forged Nb-2 a/o, V-1 a/o (Alloy I1-15) sub-
size specimen isothermally forged at 954°¢ (1750°F) and 6:1
height reduction (longitudinal section).

Light photos of Cr-4 a/o, Mo-2 a/o (Alloy I1-4) sub-size specimen

isothermally forged at 730%C (1350°F) and 6:1 height reduction.
100X Magnification.

X1

.........................
o »

.....

PAGE

107

108

109

111

112

113

114

116

> N

.........



FIGURE

61

62

63a4b

64a4b

65

66

67

68

...........
.....

.....

LIST OF ILLUSTRATIONS (Continued)

PAGE

Light photos of as-forged Nb-2 a/o, V-1 a/o (Alloy 11-15) sub-size 118
specimen isothermally forged at 730°C (1350°F) and 6:1 height
reduction.

Photograph of typical Series Il full-size preform and pancake 121
isothermally forged at 730°C (1350°F) and 6:1 height reduction.

Light photos of as-extruded Fe-35A1-4Cr-2Mo vacuum induction 128
melted ingot extruded at 843°C (1550°F) and a 3.5:1 reduction ratio.

Light photos of as-extruded Fe-35A1-4Cr-2Mo vacuum induction melted 130
ingot extruded at (a) 899°C (1650°F) and a 9:1 reduction ratio and
(b) 927°C (1700°F) and a 36:1 reduction ratic. 100X Magnification.

Light photos of as-extruded Fe-35A1-4Cr-2Mo vacuum induction 131
melted ingot extruded at 954°¢ (1750°F) and a 16:1 reduction ratio.

Light photos of Fe-35A1-4Cr-2Mo failed (a) room temperature and 133
(b) 600°¢ (1112°F) tensile test specimens showing structures at
the fracture surfaces. 100X Magnification.

Light photos of Fe-35A1-4Cr-2Mo failed (a) 570°C (1058°F)/ 207 136
Mpa (30 Ksi) and (b) 649°C (1200°F)/241 Mpa (35 Ksi) creep

rupture test specimens showing structures at the fracture

surfaces. 100X Magnification.

Light photos of Fe-35A1-4Cr-2Mo room temperature high cycle 139
fatigue test specimen loaded at 345 Mpa (50 Ksi) showing crack
initiation sites.

xiii

------------------ .
W S LR T PSP PR YR U PR PCOPT PEARE YA YIE YR I AT AP S R A

[

N -

Al et A et e

PR
LI NN NI

[T




.......

. LIST OF ILLUSTRATIONS (Continued)
- F IGURE PAGE :
- "
A
" 69 Light photos of Fe-35A1-4Cr-2Mo failed 600°C (1112°F) low cycle 141 o
fatigue test specimen No.2 showing structure (a) at the fracture ;
surface and (b) in the grip area. 100X Magnification. ?
70  Photograph of Fe-35A1-4Cr-2Mo oxidation test coupon after 143 N
exposure to 816°¢C (1500°F) laboratory air for 240 hours. . g
8
1

..............................................




SRR TR ST N T T e e v v Y

e N N T T T P WY I U Yy T U gy i W Tyt y—w

. LIST OF TABLES

TABLE NO. NAME OF TABLE PAGE NO.

I COMPOSITION OF TASK I - INERT GAS ATOMIZED FE-AL POWDERS 8
I1 TASK 1 - FE-AL-X ALLOYS 14
111 CHEMICAL COMPOSITION OF TASK I - FE-AL-X ALLOY CASTINGS 15
Iv PRODUCTS OF PREP POWDER MAKING OF TASK I - FE-AL-X ALLOYS 16
v TASK IT/SERIES T ALLOYS 21
VI CHEMICAL COMPOSITION OF TASK II1/SERIES I ALLUL. EXTRUSIONS 26
VII INTERSTITIAL CONTENT OF TASK II/SERIES I ALLOY EXTRUSIONS 27
VIII ROOM TEMPERATURE TENSILE DATA FOR TASK II/SERIES I ALLOYS 63
IX 600°C (1112°F) TENSILE DATA FOR TASK II/SERIES I ALLOYS 64
X OXIDATION RESULTS FOR TASK II/SERIES I ALLOYS 82

X1 WORKABILITY RESULTS FOR TAgK II/SERéES [ ALLOYS
ISOTHERMALLY FORGED AT 954-C. (1750°F.) AND 8/SECOND 90
X11 TASK II/SERIES II ALLOYS 96
XII1 CHARGE WEIGHTS FOR TASK II/SERIES II1 ALLOYS (GRAMS) 99
XIV CHEMICAL COMPOSITION OF TASK II/SERIES I ALLOYS SELECTED 119

FOR SCREENING EVALUATIONS

XV YIELD STRENGTH RESULTS FOR TASK II/SERIES IT ALLOYS 123
XVI EXTRUSION RESULTS FOR Fe-~35A1-4Cr-2Mo ALLOY 127
XVI1 TENSILE AND CREEP-RUPTURE DATA FOR Fe-35A1-4Cr-2Mo ALLOY 137
XVIII FATIGUE DATA FOR Fe-35A1-4Cr-2Mo ALLOY 140

XV




1.0 INTRODUCTION

The development of advanced materials and methods to process these
materials have traditionally played a key role in the evolution of technology
for the aerospace industry. This is particularly true for the gas turbine
engine industry, where the requirements for enhanced temperature capability
with lower specific fuel consumption have continually been upgraded. The
additional realization that raw materials and energy sources are finite has
placed a new perspective on technology developments for this industry. This
new perspective relates particularly to the vulnerability of the U.S. gas
turbine industry in terms ot its heavy reliance upon non-domestic sources for
much of its strategic metals requirements, These considerations are
especially important in a number ot Air Force systems because of the
austenitic stainless steels and nickel-base superalloys used in gas turbine
engines, The questionable future availability of chromium, for example, poses
a potential serious threat to these applicacions. The replacement of
stainless steels and certain of the nickel-base superailoys with a material of
similar properties, but which does not contain strategic elements would be of
lony term benetit with respect to cost and dependence on 1mported chromium,

The 1ron-aluminum based alloys have generated considerable interest for
possible Air Force system applications. The advantage of this class of alloys
includes the potential for non or low strategic element compositions with
outstandiny oxidation resistance and reduced densities compared to
conventional high temperature materials. Previously, these alloys were
investigated extensively 1n the mid-1950's through the early 1960's, but no
significant commercialization occurred because of difticulties with room
temperature ductility, processing and control of microstructure, Recent
developments in the metallurgy of these materials have demonstrated potential
for overcoming these problems. These developments 1include an improved
understanding of iron-aluninum dalloy ordering reactions, rapid soliditication
powder metallurgy technology, an mproved understanding and control of
compaction processes, and 1improved deformation processiny techniques such as
isothermal torging. A need, thus, exists to apply these developments for

prospective Air Force applications.
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The present investigation was conducted, then, to apply these concepts

Cd
-
L
~
-

for improved iron-aluminum alloys for potential Air Force applications. More
specifically, efforts were focused on the Fe3A1 system which exhibits the DO3
ordered crystal Tlattice with particular effort being addressed towards
improving the high temperature strength and room temperature ductility of this
system. The experimental approach involved the screening evaluation of two
experimental series of alloys which then formed the basis for the selection of
a single alloy composition for more compiete properties testing. The alloy
design philosophy was based on the concept of improving strength and ductility
through an investigation of the effects of ternary and quaternary element
additions on the resultant microstructures and changes in the 003382 .
transformation temperatures. Powder metallurgy as well as isothermal forging
processing routes were explored for these experimental alloys.

The results of this study are summarized in this final report. It
includes a review of the program outline to develop iron aluminides, a
discussion of the materials procurement and processing, a summary of the
experimental results, and a discussion of these results and recommendations.
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2.0 PROGRAM OUTLINE

The basic goal of the program was the development of iron aluninides with
improved high temperature strength and room temperature ductility compared to
the baseline Fe3A1 alloy composition. To accomplish this goal, ternary and
quaternary element additions were made to the baseline to establish the
effects on microstructure, ordering temperature, oxidation resistance,
workability, and mechanical properties performance. The study consisted of
two technical tasks and followed the outline presented in the Work Breakdown
Structure of Figure 1. Task I of the investigation involved the preparation
of iron aluminide powders for subsequent study at AFWAL., Task II consisted of
the screening evaluation of two series of experimental iron alumninide alloys
as well as a more complete evaluation of a single alloy designed on the basis
of the screening study. For the Task II portion of this program, TRW was
teamed with Systems Research Laboratories, Inc. (SRL), with SRL responsible
for  in-depth microstructural characterization of the alloys under

investigation.

2.1 Task 1 - Powder for Alloy Development

The objective of this task was to supply iron aluminide powder to AFWAL.
The alloy powders included FeAl, Fe3A1, and twelve ternary alloys based on
Fe3A1. The FeAl and Fe3A1 powders were produced by conventional inert gas
atomization and sieved into various size fractions possessing different
cooling rates, with the smaller particles having faster cooling rates. The
ternary alloy powders were produced by the Plasma Rotating Electrode Process

(PREP) .

2.2 Task Il - Alloy Development Studies

The objective of this task was to study the effect of ternary additions
on FejAl. The was accomplished by an evaluation of two series of experimental
alloys based upon Fe3Al which was followed by a more complete characterization
of an alloy defined on the basis of the results of the first two series of

alloys.
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2.2.1 Series I Alloys

For the Series 1 effort, twenty one alloy compositions (including the
Fe3Al baseline alloy) were produced in powder form and consolidated by hot
extrusion. Some of these alloys were blends of PREP powder with gas atomized
Fe3Al, all produced during the Task I portion of this program, and some were
solely prealloyed PREP powder.

These alloys were characterized with respect to their microstructure and
to the effect the alloy additions had on the critical temperature at which the
DO3-B2 order change occurred. Homogenization heat treatments were developed
for the blended alloys and ordering heat treatments were developed for all the
alloys.

Screening evaluations included mechanical properties characterization,
oxidation testing and workability testing. All evaluations were conducted on
material in the extruded, homogenized (where necessary) and fully ordered
condition. The mechanical properties characterization included tensile tests
at room temperature and 600°C (1112°F). Oxidation tests included long time
exposures in ldaboratory air at 816°C (1500°F). Workability tests included
isothermal upset forging at 954°¢c  (1750°F). Metallographic analysis was
conducted on selected samples to aid in the interpretation of the results.

2.2.2 Series II Alloys

For the Series Il effort, fifteen alloy compositions were produced by
isothermal forging of cast ingots. These alloys were primarily quaternary
compositions and were designed on the basis of the results of the Series 1
alloys. These alloys were characterized with respect to their microstructure.
screening evaluations were conducted on selected alloys and included
four-point bending tests over the temperature range 600-700°¢C (1112-1292°F).

?.2.3 Alloy Characterization

In this portion of the program, a single alloy composition was produced

by hor extrusion of cast ingots. This alloy was a quaternary composition and
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was designed on the basis of the results of the Series I and II alloys. This
alloy was heat treated to obtain the microstructure best suited for optimum

performance.

A comprehensive evaluation was conducted on this alloy to characterize
its mechanical property behavior and to correlate this behavior with
microstructure, The mechanical property tests included tensile, creep
rupture, and axial fatigue tests at elevated temperature. Oxidation
resistance of the alloy was also characterized. Metallographic analysis was
conducted on selected specimens to aid in the interpretation of the mechanical
property results.
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3.0 TASK I - POWDER FOR ALLOY DEVELOPMENT

The objective of this task was to supply iron aluninide powder to AFWAL.
The alloy powders were to include FeAl, Fe3A1, and twelve ternary alloys based
on Fe3AI. The FeAl and Fe3Al powders were produced by conventional inert gas
atomization and sieved into various size fractions to obtain different cooling
rates, with smaller particles having faster cooling rates. The ternary alloy
powders were produced by the Plasma Rotating Electrode Process (PREP).

3.1 Procurement of FeAl and Fe,Al Powders

The Linde Division of Union Carbide Corporation was contracted to produce
the inert gas (argon) atomized FeAl and Fe3A1 powders. A single heat of each

of the alloy powders was melted and atomized and the chemical analyses of
these two heats are presented in Table I. The following shipment of powder
was made to AFWAL.

1

b
|
r
-
. One container of FeAl powder, -60+140 mesh 22.7 kg(50 1b)

One container of FeAl powder, -200 mesh

12.7 kg(28 1b)

One container of Fe,Al powder, -60+140 mesh

3 18.2 kg(40 1b)

One container of Fe3Al powder, -200 mesh 26.8 kg(59 1b)

Optical metallography of polished cross sections and scanning electron
microscopy (SEM) of the FeAl and Fe3A1 powders were performed to examine the
initial microstructure and powder particle characteristics. The powders were
examined in size fractions of -60+140 mesh, -140+200 mesh and -200 mesh.

Photomicrographs are shown in Figures 2-5 for these powders., For the FeAl

Vo
ba
\.
Ib

alloy, Figures 2-4 show satellite formations (smaller particles attaching
themselves to larger particles), particle "capping” (a thin skin formed on
solidifying particles as the result of collisions between relatively cool
particles and still-molten droplets), and the presence of hollow particles.

This alloy is brittle, with numerous examples of grain boundary cracking.
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TABLE I

COMPOSITION OF TASK I - INERT GAS ATOMIZED FE-AL POWDERS

(WEIGHT PERCENT)

Fe3Al

(Lot 111381)

85.8
13.92
0.023
0.015
0.010
<0.01
0.085
0.021
0.025
<0.01
0.027

FeAl

(Lot 111181)

67.9
31.74
0.017
0.025
0.015
<0.01
0.080
0.030
0.045
<0.01

0.026
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Figure 2. SEM {a) and Light (b photos of - elbdd resn s1oe Fedl powder,
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(b)

Figure 3. SEM (a) ana light (b1 photus of -1au+200 mesh size FeAl powder.
100x Maynification,
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Figure 4. StM (e} and Tight Ibr ongtos of —-u nesh s17e FeAl powder.
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Figure 5. SEM (a) and light (b)

nhotos of -140+2010 mesh size Fe?A1 powder.
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This can be observed by the evidence of particle fragments in Figures 2b, 3b,
and 4b. There also appears to be a diffterence in grain structure with
particle size. The -140 mesh particles exhibit a finer microstructure than
the -60 mesh size particles. However, no chemistry variations were observed
by energy dispersive X-ray analysis. Similar general trends were observed in
the Fe,Al powders, Figure 5, particularly the presence of hollow particles and

3
particle “"capping",

3.2 Procurement of Fe-Al-X Powders

The twelve Fe-Al-X ternary alloy compositions prcduced as alloy powder by
the PREP process are listed in Table II. The final chemistries of the ingot
castings used to produce powders are listed in Table III in terms of both

63M12A125
originally cast and a second ingot with the correct chemistry was cast. The

weight and atomic percentages. Alloy Fe was off-chemistry as

castings were machined into stick electrodes for PREP atomization,

At Nuclear Metals, Inc., powder was produced in the short rod rigy. Prior
to the start of the powder making campaign, the rig was thoroughly cleaned to
eliminate the possibility of particle cross-alloy contamination. The twelve
alloys listed in Table IIl were processed sequentially, with chamber cleaning
between runs consisting of sweeping and suction cleaning. The chamber was
under heliun during the PREP runs, but it was exposed to filtered room air
during cleaning. Powder was collected in twc manners for each run: first,
powder was collected in gallon-sized plastic containers while the run was in
progress; dand second, powder collected during chamber sweeping was bagged in
plastic. The former type of powder was sealed under argon, while the latter
was exposed to air and possibly contaminated during sweeping and bagging by
other alloy powder particles from the previous Fe,Al alloy runs. The powder

3
yields were low for these alloys, with the Ti-, Si- and V-containing alloys

producing chunks as well as powder. The chunks were actually pieces of PREP
electrode that broke off due to poor resistance to thermal shock. Grain
bounddary cracking was evident on niany of the stub ends remaining after PREP.
Sooting (creation of ultrafine dust) was evident in most alloys, with
FesoMngAlse alloy causing heavy sooting due to severe casting porosity. The

products of the PREP datomization dre ygiven in Tabie IV tor these alloys. Due

13
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TABLE I1
TASK 1 - FE-AL-X ALLOYS

1. Fe65Ti10A125

2. Fe755110A]15

3. Fe Al

65V107 25

Fe7OCr‘5A125

5. Fe63Mn12A125

Ni, LAl

6. Fe 10725

65

Cu, ~Al

Fe70Cu107 20

8. Fe73Nb2Al25

9. Fe70Nb5Al25

10. Fe72Mo3A125

11. Fe69MO6Al25

Ta, Al .

12. Fe74 1Alog

...............................
...............
.......................



IABLE 111
CHEMICAL COMPOSITION OF TASK I - FE-AL-X ALLOY CASTINGS

Weight Percentage Atomic Percentage
Alloy-Aim Fe Al x fe A X
1. FegeTi oAlog 75.8 13.73 10.20 65.28 24.48 10.24
2. Fe;pSi 4Al ¢ 85.8 8.51 5.45 75.10 15.42 9.49 i:;
3. FeBSVmAI25 76.0 14.01 9.84 65 .64 25.05 9.32 :
4. Fe,nCroAl,. 81.2 13.51 5.04 70.87 24 .41 4.72
5. Fe63Mn12A125 80.1 14.19 5.40 69.68 25.55 4.78
5a. Fe63Mn12A125 72.5 13.63 13.91 63.14 24.58 12.28
6. Fe65N110A125 74.3 13.75 11.74 65.22 24.98 9.80
7. Fe70Cu10Al20 77.2 10.65 11.89 70.38 20.10 9.53
8. Fe, Nb,Al, . 83.2 13.46 3.10 73.68 24.67 1.65
9. FejNbAl,. 78.6 13.13 8.04 71.06 24.57 4.37
10. Fe,,Mo4Al, L 80.6 13.33 5.80 72.24 24.73 3.03
11, FeggMo Al g 75.1 13.16 11.54 68.86 24,98 6.16
12. Fe74Ta1A125 83.5 13.21 3.08 74,69 24,46 0.85
15
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PRODUCTS OF PREP POWDER MAKING OF TASK I - FE-AL-X ALLOYS

TABLE TV

Weight of Weight of
Alloy Powder Sweep Powder
FeeoTi oAl g 2.16 kg 0.07 kg
Fe;5S1,4Al;5 3.75 kg 0.23 kg
Fe65V10A125 2.27 kg 0.23 kg
Fe70Cr5A125 6.36 kg 0.11 kg
Fe63Mn12Al25 3.30 kg 0.11 kg
FegsM HAl, . 5.45 kg -
Fe65NiloA125 4,55 kg 0.34 kg
Fe7OCu10A120 5.91 kg 0.45 kg
Fe73Nb2Al25 5.80 kg 0.34 kg
Fe,oNbAl, 5.57 kg 0.34 kg
Fe72Mo3Al25 5.11 kg 0.34 kg
Fe69M06Al25 5.68 kg 0.51 kg
Fe74Ta1A]25 5.80 kg 0.34 kg

16

Weight of Weight of
Chunks Stub Ends
2.27 kg 2.84 kg
2.16 kg 2.27 kg
1.59 kg 1.27 kg

- 2.61 kg
- 2.05 kg
- 2.50 kg

0.68 kg 2.84 kg

0.05 kg 2.84 kg
- 2.73 kg
0.17 kg 3.18 kg

0.05 kg 3.30 ky

0.11 kg 2.50 kg
- 2.95 kg
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to the low powder yield, it was decided to use these powders to fulfill the
requirements for the Task II - Alloy Development Studies portion of the
program,

Samples of the alloy powders were submitted for metallographic
exanination. Photomicrographs of selected alloys are shown in Figures 6 and
7. Porosity was evident in all alloy powders, both as large centrally located
voids as well as finely dispersed interdendritic porosity. Examples of this
porosity are shown in Figure 6 for the Fe65V10A125 alloy. The alloys
exhibiting a single phase structure included #1(Ti-10 a/o), #2(Si-10 a/o0),
#3(v-10 a/o), #4(Cr-5 a/o),#5(Mn-12 a/o), #6(Ni-10 a/o), #7(Cu-10 a/o),
#8(Nb-2 a/o), #10(Mo-3 a/o)and #11(Mo-6 a/o). An example of a typical single
phase structure is shown in Figure 6, for the 10 a/o V alloy. A second phase
was exhibited in the #9(Nb-5 a/o0) and #12(Ta-1 a/o) alloys. An example of
? this structure is shown in Figure 7 for the 5 a/o Nb alloy.
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4.0 Task II - ALLOY DEVELOPMENT STUDIES

The objective of this task was to characterize the effects of ternary and
quaternary alloy additions on Fe3A1. This was accomplished through a
screening evaluation of two experimental series of alloys which involved 21

compositions (including the Fe,Al as a baseline composition) in the first

3
series and an additional 15 compositions in the second series. As a result of
these efforts, an alloy composition was selected for more complete evaluation

in the Alloy Characterization portion of this task.

4.1 Series I Alloys

For the Series I effort, twenty one alloy compositions (including the
Fe3Al baseline alloy) were produced in powder form and consolidated by ot
extrusion. Some of these alloys were blends of PREP powder with gas atomized
Fe3
solely prealloyed PREP powder, In general, alloy compositions with slow

Al, all produced during the Task I portion of this program and some were
diffusing species, such as Nb, Ta, and Mo, were produced as prealloys.
Screening evaluations included mechanical properties characterization,

oxidation testing and workability testing.

4.1.1 Alloy Selection

Fe3Al is characterized by a sharp decrease in strength at elevated
temperatures. This is due to a phase transformation occurring at a critical
temperature Tc-540 C(lOOOOF), during which the DO3 order is lost. One goal of
the alloy design is to increase elevated temperature strength. This may be
achieved by increasing Tc through the addition of alloying elements. To
examine the alloying effects on Fe3Al, transition metals were utilized in the
design of the Series 1 alloys. Elements from Ti through Ni, Zr, Nb, Mo and W
substitute for Fe in the Fe3A1 lattice without disrupting the 003 order,
although the solubility limits are not known in all cases., Elements Cu, Ge,
and Si substitute for Al atoms in the DO3 lattice, with Cu and Ge having
limited solubility, and Si being completely soluble. On the basis of this
general rationale, the Series [ alloy compositions listed in Tabie V were

designed with the goal in mind to increase Tc in order to improve elevated

20
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TABLE V

TASK I1/SERIES T ALLOYS

A ISP NP SRR SR NP S

21

Alloy Composition Method
I-1 Fe74TilA]25 Blended Fe3A1 and PREP Alloy
1-2 Fe7OT15A125 Blended Fe3Al and PREP Alloy
[-3 Fe70V5Al25 Blended Fe3Al and PREP Atloy
1-4 Fe65V10A125 Prealloyed PREP Powder
[-5 Fe74Cr1A125 Blended Fe3Al and PREP Alloy
I-6 Fe70Cr5A125 Prealloyed PREP Powder
1-7 Fe69Mn6A125 Prealloyed PREP Powder
[-8 Fe63M112A125 Prealloyed PREP Powder
I-9 Fe72N1'3A125 Blended Fe3A1 and PREP Alloy
1-10 Fe65N1'10A125 Prealloyed PREP Powder
I-11 Fe73Nb2Al25 Prealloyed PREP Powder
1-12 Fe7ONb5A125 Prealloyed PREP Powder
[-13 Fe72Mo3Al25 Prealloyed PREP Powder

_ 1-14 Fe69M06A125 Prealioyed PREP Powder

? [-15 Fe74TalA125 Prealloyed PREP Powder

6 [-16 Fe70Ta5Al25 Prealloyed PREP Powder

! 1-17 Fe]z(:usAl23 Blended Fe3Al and PREP Alloy

; [-18 FemCuloAlz0 Prealloyed PREP Powder

g 1-19 Fe,oSiAl,, Blended Fe Al and PREP Alloy
[-20 Fe75515A120 Blended Fe3Al and PREP Alloy
Baseline Fe Al Gas Atomized Powder




temperature strength retention. As part of this evaluation, it was recognized
that the assessment should include the rate and amount of T¢ increase as well

as a definition of solubility limits and the effects of possible precipitation
from solid solution.

The three alloy categories included in the design were:

1) Fey_,T,Al, where the transition metal substitutes for Fe to maintain
DO, order.

2) Fe3TXA11_x, where the non-transition metal substitutes for both Fe
and Al to maintain the DO3 order.

3) Fe3_xTX(A151), where Si substitutes for Al at all Si levels and the
transition metal substitutes for Fe to maintain the DO3 ordered
structure,

Certain of the Series I alloys were designed as prealloyed compositions
while others were designed as blends of prealloyed Task I compositions with
inert gas atomized Fe3A1. The selection was made on the basis of overall
economics regarding the atomization of this large a number of experimental

compositions.

4.1.2 Material Procurement/Processing

4.1.2.1 Powder Atomization

The twelve alloys from the Task I portion of this program served as
master alloys for certain of the Task Il Series | compositions. Additional
heats of alloys (M-6 a/o0 and Ta-5 a/o) were melted and cast to make up the
remainder of the Series [ alloys. These alloys were cast into rod shapes
approximately 55 mm (2 inches) in diameter and approximately 150 mm (6 inches)
long. These castings were centerless ground and processed intuo spherical
powder by the PREP process employing procedures described previously in
Section 3.2. Metallographic analyses conducted on these powders revealed
characteristics similar to those of the Task I alloys. Certain of these

22
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characteristics will be discussed in the following section on Hot Extrusion
Consolidation as pertaining specifically to various characteristics observed
in the as-extruded structures. For the blended compositions, appropriate
powders were blended, using -200 mesh Fe3Al and -40 mesh PREP master alloy
powder. For the completely prealloyed compositions, the PREP powlers were
sieved to remove the +40 mesh fraction prior to use. All sieving and blending
was performed in a glove box under a protective argon atmosphere. e

4.1.2.2 Hot Extrusion Consolidation

]
Consolidation of the twenty one Series [ alloys was accomplished by hot ..;
extrusion. Mild steel tubing with an outer diameter of 6.6 cm (2.6 inches)

T

and an inner diameter of 3.3 cm (1.3 inches) was procured and sectioned into
13.2 cm (5.2 inch) lengths for extrusion cans. The thick wall served to

contain the alloy powders. Nose and tail pieces were machined from mild steel

the alloy powders were avoided. A schematic diagram of the extrusion can

1

bar stock, with an evacuation port being drilled through the center of the I‘!
nose. Tail pieces were welded onto the thick wall tube prior to powder ?
filling. )
]

Based on input from the AFWAL project engineer, a stainless steel foil !i’
liner was inserted into each extrusion container before powder filling. The ":
liner was coated on the outside with magnesia to prevent bonding of the mild ]
steel to the stainless steel, In this manner, excessive tensile stresses h
induced by cooling due to thermal expansion differences between mild steel and 1
]

b

configuration i1s shown in Figure 8.

The filled containers were hot degassed and sealed by electron-beam
welding of the evacuation hole, The chamber of the electron-beam welder was
equipped with a furnace to heat the extrusion cans to 400°¢C (752°F) while the

chamber was being evacuated., Once the temperature and a vacuum of 10-4 torr
were stabilized, the container was sealed. In general, the outgassing rate
began to exceed the evacuation rate at a temperature of approximately 260°C
(500 ,

)
:
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Figure ¢, Schematic illustration of extrusion can contiguration used tor
consutidation ot Task [1/Series | alloy powders.
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The extrusion conditions were:

o Preheat extrusion billet at 1120°C (2050°F) for 90 minutes
0 Preheat extrusion press container and die 400°C (752°F)

o Extrude through a nominal 1.7 cm (0.70 ihch) diameter conical die
(extrusion reduction ratio- 16:1)

0o Cool extruded rod in sand until black

0 Remove extrusion from sand and air cool to room temperature

The extrusion billets were spray coated with a Mg0 lubricant prior to
preheating. With the exception of the 10 a/o V alloy, the extrusion campaign
proceeded without incident. A slight pinging sound was heard during cooling
after the extrusion operation, indicating the possibility of cracking. This
was confirmed during subsequent metallographic examination of the extrusions.
The chemical analyses of the twenty one Series I alloys are presented in
Table VI, which includes the aim chemistry for comparison purposes. An error
was discovered in the blending of the powders for several of the alloys and in
the extrusion can loading for several of the alloys. These errors resulted in
a number of quaternary, instead of ternary alloys. This occurred for alloys
[-6 (Cr-5 a/o0), I-13 (Mo-3 a/o), I-19 (Si-3 a/o) and 1-20 (Si-5 a&/o). In
addition to this, several other ternary alloys were found to be off chemistry
with respect to the desired composition. In particular, Alloys I-5 (Cr-1 a/o)
and [-14 (Mo-6 a/o) were found to contain less than the intended alloy
addition. Preparation of all of these particular alloys was not repeated
because it was felt that meaningful information could be derived from these
compositions which could be applied to the subsequent Series II alloys.

The initial metallographic analysis conducted on the extruded alloys
revealed the presence of particles which appeared to be non-metallic
inclusions. The blended alloys, which contained gas-atomized Fe3Al powder, 1in
particular, contained large numbers of these particles. Interstitial content
analyses were conducted to aid in the possible identification of these
constituents and the results are shown in Table VII. The values, however,
were somewhat lower than had been anticipated on the basis of the apparent

high volume fraction of particles appearing throughout the microstructure. It
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TABLE VI
CHEMICAL COMPOSITION OF TASK II/SERIES I ALLOY EXTRUSIONS o

Weight Percentage Atomic Percentage
Aoy Aim Fe Al X Y Fe A X Y :
I-1  Fe74TilAl25 85.4 13.74  0.50Ti 74.63 24.86 0.51Ti ;
1-2 Fe,Tighl,e 81.2 13.63 5.15Ti 70.3¢  24.44 5.21Ti ;_
1-3  Fe,VeAl,.  80.0 13.70 6.08V 69.55 24.66 5.78V _;
-4 FegVioAl,s 3.2 13.60 13.12V 63.25 24.32 12.43V :
I-5  Fey,CriAl,.  86.2 12.76  0.49Cr 76.19  23.35 0.47Cr .
1-6  Fe, Crghl,,  83.0 13.05 3.51Cr 0.47Mo 72.76  23.70 3.31Cr 0.24Mo ;
17 FegMncAl,.  79.5 14.40  6.02Mn 68.87 25.82 5.30Mn 3
I-8  FegM Al 72.6 13.08 14.26Mn 63.59 23.72 12.70Mn Hi
1-9  Fe,Nighl, 82.0 13.74  3.98Ni 71.79  24.90 3.31Ni %
1-10  FeggNijgAlys 74.6  12.90 12.47Ni 65.92  23.60 10.48Ni ;
I-11  Fej Nb,Al,, 83.2 12.82 3.92Nb 74.22  23.67 2.10ND “f
1-12 FejNogAl,.  78.2 12.45  9.29Nb 71.38  23.52 5.10Mb y
I-13  Fe,,MosAl,. 82.5 14.78 0.58M0 2.12Cr 71.30 26.44 0.29Mo 1.97Cr =
1-14  FeggMoghl,. 811 12.75 4.39Mo0 73.69 23.98 2.32Mo _f
1-15  Fe,,TaAl,c 84.3 12.87 2.68Ta 75.42  23.84 0.74Ta 5
1-16  FejgTaghl,. 69.1 11.74 19.02Ta 69.61 24.48 5.91Ta -
1-17  Fe,,CusAl,, 81.9 11.74  6.33Cu 73.28  21.74 4.98Cu E
1-18  Fe, Cujghl,, 77.8  10.03 12.09Cu 71.25 19.02 9.73Cu :.
1-19  Fe,SiAl,, 86.3 11.96 1.3651 0.21Cr 75.71 21.72 2.375i 0.20Cr 5
1-20  Fe,gSighl,y 85.9 11.10  2.14Si 0.53Cr 75.55  20.21 3.74Si 0.50Cr ?i
Baseline Fe 4l 87.0 12.86 - 76.57  23.43 -
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TASK VII
INTERSTITIAL CONTENT OF TASK II/SERIES I ALLOY EXTRUSIONS

Carbon Oxygen Nitrogen

Alloy Composition (ppm) (ppm) ~ (ppm)
I-1 Fe,aT1 1Al 120 420 13
1-2 Fe,oTicAl e 130 300 5
[-3 Fe,VeAl ¢ 290 250 13

i 1-4 FecsV) gAlos <100 140 16

? ] I-5 Fe,,Cr Al <100 270 11

: 1-6 Fe;oCrehl e <100 75 <5

; 1-7 Fec gMngAl ¢ <100 <5 <5
1-8 FegyMn, ,Al,¢ 100 130 13
1-9 Fe, NigAl 110 160 12 o
1-10 FegsNi 1 gAlys <100 28 5 iﬁ
1-11 Fe, ND,Al <100 49 5 ii
1-12 Fe, ND Al <100 160 7 7
1-13 Fe,,Mo4Al ¢ <100 60 <5 ?5
1-14 Fep gMog Al <100 62 <5 ii
1-15 Fe, T2 Al 5 <100 130 32 i:
1-16 Fe,oTaghl <100 58 6 ;9
1-17 Fe,,Cughl <100 320 140
1-18 Fe;0Cu1 A0 <100 82 5
1-19 Fe,Si4Al,, 100 300 11
1-20 Fe;gSigAl,, <100 160 11
Baseline Fe Al 170 120 11
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is believed that the inclusions may be principally alumina, which is an
extremely stable compound and may not be entirely reduced by the method of
analysis, a gas fusion technique using a Leeco Determinator, used for this
evaluation.

The as-extruded microstructure of baseline Fe3A1 (transverse section) is
shown in Figure 9. This structure is characterized by an equiaxed ASTM 5-6

grain size as well as the presence of large numbers of non-metallic inclusions.

Both of the Ti-containing alloys were prepared by blending, which
resulted in a non-homogeneous microstructure. An example of this structure is
shown in Figure 10 (transverse section) for the 5 a/o Ti alloy. This degree
of non-homogeneity suggests the need for subsequent homogenization heat
treatments.

The microstructures of the two V-containing alloys are shown in Figures
11 and 12. The 5 a/o V alloy (Figure 11) was produced by blending and
exhibits a non-homogenous microstructure, suggesting the need for subsequent
homogenization heat treatments. A large number of non-metallic inclusions are
also evident in this microstructure. The 10 a/o V alloy (Figure 12) was a
prealloyed powder and suffered severe cracking during cool down from the
extrusion temperature, despite the Mg0 coating. As shown in Figure 12, this
cracking was predominantly intergranular in nature,

The Cr-containing alloys displayed unique features upon metallographic
examination. [In addition to the presence of non-metallic inclusions, regions
of light-etching, ghost-like areas were revealed in the structure of the
blended 1 a/o Cr alloy, Figure 13. These regions of apparent non-homogeneity
did not inhibit the formation of recrystallized grains upon extrusion, as
grain boundaries can be observed to continue through the light-etching areas.
Furthermore, these light-etching areas are present in the prealloyed 5 a/o Cr
alloy, again with grain boundaries being discernable through the areas, Figure
14, The SEM micrograph in Figure 14 indicates that these areas stand above
the well etched matrix. €Energy dispersive X-ray analysis suggests that these
areas may be Cr-depleted.
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Figure 10. Light photos ot as-extruded Ti-5 a/o (Alloy [-2) powder blend
(transverse section) showing presence of non-metallic inclusions.
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500X

Light photos of as-extruded V-5 a/o (Alloy i-3) powder blend
(transverse section) showing presence of non-metallic inclusions
and non-homogeneous structure,
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Figure 13 (c). SEM photo of as-extruded Cr-1 a/o (Alloy 1-5) powder blend
{transverse section) showing overlapping of continuous grain
boundaries by non-homoyeneous etching structure.
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Figure 14 (a & b).
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Light photos of as-extruded Cr-5 a/o (Alloy 1-6) prealloyed
powder (transverse section) showing presence of
non-metallic inclusions and non-homogeneous etching
structure,
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Both of the Mn-containing alloys were prepared as prealloyed powders.
The general characteristics of both extruded microstructures were similar,
with each exhibiting an equiaxed grain size with non-metallic inclusions both
within the matrix and decorating prior powder particle boundaries. An example
of the typical structure is shown in Figure 15 (transverse section) for the 6
a/o alloy. The grain size of the higher Mn-alloy was finer than that of the
low M-alloy (ASTM 5 vs. ASTM 4-5) and the matrix appeared to contain fewer
non-metallic inclusions. The distribution of these non-metallic inclusions
appeared to be a function of the dendritic solidification of the PREP powder.

The 3 a/o Ni alloy was prepared as a blend and the as-extruded structure,

shown in Figure 16, indicates con